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ABSTRACT 

We have investigated what conditions are placed upon a source of 

cosmic ray particles within a model of the origin of cosmic rays in which 

fluctuations in the momentum-changing process are important. This is 

done by considering the relationship between <Ap> and <Ap2>, where Ap 

is the momentum change in a collision. 

due to turbulent motion, cosmic rays, and the magnetic field are linearly 

related, we find an expression for the number density of cosmic ray 

particles ejected from a changing volume in terms of their average kinetic 

energy. We consider this in terms of the fluctuation model to obtain 

other source requirements. 

astrophysical phenomena the dominance of fluctuation can be important to 

the origin of cosmic radiation. 

With the assumption that the energy 

It is found that over a large range of 
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I. INTRODUCTION 

Recent work (1)(2) has shown that it is possible to explain the 

primary cosmic ray spectrum in terms of a process in which statistical 

fluctuations dominate. 

of fluctuations on the observed spectra. His approach was to consider the 

L. Davis(3) had previously investigated the influence 

possibilities of statistical fluctuations in the interactions of cosmic 

rays with varying galactic magnetic fields. 

the case of dominating deceleration. 

He, however, did not consider 

Previously it was thought that fluctuations could not be significant 

This evaluation was based upon the in the origin of cosmic radiati~n'~). 

assumption that acceleration processes dominate. If, however, deceleration 

effects are more important than acceleration, then we have the case where 

fluctuations can explain the high energy spectrum. 

We expect the source requirements that such a model would impose to 

be dissimilar to those of a model in which acceleration is the prevailing 

influence. 

upon a source of cosmic rays within the fluctuation origin theory. 

Accordingly, we have investigated what conditions are placed 

In Section I1 we will outline the theory and give the germane results. 

Section 111 will be devoted to the consequences of assuming that the 

acceleration - deceleration coefficient, a, and the fluctuation coefficient, 
b, are related by a = kb, 

turbulent motion, cosmic rays and the magnetic fields are linearly related 

we find an expression for the number density of cosmic ray particles 

ejected from changing volume in terms of their average kinetic energy 

(Section,IV). This result is then considered in terms of the fluctuation 

model to check for further source requirements in Section V. 

With the assumption that the energy due to 
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11. THE FLUCTUATION ORIGIN OF COSMIC RAYS 

Let us  consider t h e  sudden i n j e c t i o n  of p a r t i c l e s  i n t o  a region of 

moving plasma centers  t h a t  act as s c a t t e r i n g  centers .  We assume t h a t  t he  

i n j e c t i o n  i s  over a s h o r t  enough t i m e  t h a t  w e  can w r i t e  t h i s  as a d e l t a  

function. Thus w e  are a l s o  requi r ing  t h a t  there  is  only one in j ec t ion .  

By t r e a t i n g  t h i s  case i n  d e t a i l  w e  can then use our r e s u l t s  f o r  a l l  such 

in j ec t ions  by a proper averaging procedure. 

p a r t i c l e s  are a l l  i n j ec t ed  with the  s a m e  momentum, p . We would obta in  

t h e  s a m e  type of r e s u l t s  f o r  a power l a w  i n j e c t i o n  i n  which p is the  

minimum i n j e c t i o n  momentum and the  maximum i n j e c t i o n  momentum is not a 

g r e a t  d e a l  l a r g e r  than po. 

W e  w i l l  a l s o  assume t h a t  t h e  

0 

0 

The in j ec t ed  p a r t i c l e s  i n  the  turbulent region (I) w i l l  undergo 

sca t t e r ings  t h a t  change both t h e i r  momentum and d i r ec t ion ,  i .e.,  they w i l l  

d i f f u s e  i n  both space and momentum. 

c o e f f i c i e n t ,  D ,  is independent of t h e  s p a t i a l  and momentum coordinates. 

[This means t h a t  w e  can not  apply our r e s u l t s  t o  t h e  low energy p a r t i c l e s  

i n  our s o l a r  system, b u t  should apply them t o  t h e  higher energy "galactic" 

cosmic rad ia t ion . ]  

a Markoff process. 

t h e  p a r t i c l e  is j u s t  a t  t h e  point of fo rge t t i ng  what has happened i n  the  

last  "scattering". 

only on the  value of t h e  momentum a t  t h e  t i m e  of t h e  previous "scattering". 

The momentum d i f fus ion  w i l l  then be described by a Fokker-Planck Eqn. 

We w i l l  assume t h a t  t h e  s p a t i a l  d i f fus ion  

The d i f fus ion  i n  momentum space w i l l  be described by 

Thus w e  have assumed that a t  each momentum "scattering",  

I n  o ther  words, t he  conditional p robab i l i t y  depends 

m e n  t h e  p a r t i c l e s  d i f f u s e  t o  the boundary of t h e  turbulen t  region 

(I) they escape i n t o  i n t e r s t e l l a r  space region (11). 

mainly by "radiation' '  ac ross  the boundary. 

t o  t h e  d i f fe rence  of p a r t i c l e  d e n s i t i e s  i n  the  two mediums. W e  no te  t h a t  

f o r  p a r t i c l e s  i n  t h e  turbulen t  region the  p a r t i c l e  dens i ty  i n  i n t e r s t e l l a r  

This escape i s  caused 

Then t h e  f l u x  w i l l  be proportional 
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space can, t o  a f i r s t  approximation, be considered t o  be zero. 

I n  i n t e r s t e l l a r  space, region 11, w e  w i l l  assume t h a t  t h e  turbulence 

is much less than i n  t h e  turbulen t  region I. Thus t h e  acce lera t ion  w i l l  

be s m a l l  i n  comparison t o  t h a t  experienced i n  region I. 

t h i s  by pos tu la t ing  t h a t  t h e  p a r t i c l e s  are no longer experiencing an 

acce lera t ion  process. The p a r t i c l e s  w i l l ,  however, d i f f u s e  s p a t i a l l y ,  as 

is indicated by t h e  almost complete i so t ropy  of cosmic rad ia t ion .  

p a r t i c l e s  w i l l  propagate from the  source t o  t h e  point of observation is  

s t i l l  an open question. 

force. This can r e s u l t  i n  a streaming o r  even i n  what appears t o  be 

d i f fus ion  depending upon the  c h a r a c t e r i s t i c s  of t h e  magnetic f i e l d .  

Regardless of the t r u e  mode of propagation we  w i l l  assume t h e  simple case 

We w i l l  approximate 

How t h e  

They may move along kinked magnetic l i n e s  of 

of d i f fus ion .  This w i l l  allow us t o  inves t iga t e  t h e  e f f e c t s  of f l uc tua t ions  

i n  t h e  acce lera t ion  process without t r e a t i n g  i n  d e t a i l  t h e  propagation process. 

When t h e  particles reach t h e  boundary of i n t e r s t e l l a r  space (region 11) 

with i n t e r g a l a c t i c  space w e  w i l l  assume t h a t  they f r e e l y  "radiate" i n t o  

t h e  i n t e r g a l a c t i c  medium. 

f a r  away. W e  would expect t h a t  t o  a good approximation w e  can treat region 

I1 as shper ica l .  I n  t h i s  model t he  dens i ty  of cosmic rays i n  i n t e r g a l a c t i c  

space i s  much smaller than the  density i n  i n t e r s t e l l a r  space. This w i l l  

impose t h e  condition t h a t  t h e  p a r t i c l e  dens i ty ,  n, should decrease as one 

approaches ch i s  boundary (and w e  w i l l  assume t h a t  i t  appraoches zero).  

For an observer a t  e a r t h ,  t h i s  boundary is very 

To g ive  an  example of t h i s  type of model consider t h e  explosion of a 

supernovae. 

t h e  expanding volume of turbulen t  ejecta we can apply t h i s  model. 

also be  poss ib le  t h a t  t h e r e  are reoccuring implosions t h a t  w i l l  act as 

i n j e c t i o n  sources 

As long as t h e  p a r t i c l e s  are accelerated dominately wi th in  

It may 

( 4 )  

The problem is  solved f o r  a time-dependent state. However, t h e  cosmic 
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ray  i n t e n s i t y  appears t o  be constant with t i m e .  

r e l a t i v e l y  e a s i l y  obtained t i m e  dependent so lu t ion  and i n t e g r a t e  i t  over a l l  

pas t  t i m e  t o  f ind  i ts  t o t a l  cont r ibu t ion  t o  the  present.  

paper w e  w i l l  d i scuss  t h i s  po in t  i n  g rea t e r  d e t a i l .  

Thus w e  can use the  

I n  a forthcoming 

The problem can be  w r i t t e n  as 

f o r  t > t i n  region I and 
0 

f o r  t > t i n  region 11. Here n is the  p a r t i c l e  dens i ty ,  D is t h e  d i f fus ion  

coe f f i c i en t ,  <AP> and CAP > t he  f i r s t  and second moments of t h e  momentum 

changing process, and T is the  e f f e c t i v e  l i f e t i m e  aga ins t  removal by in t e r -  

acgion processes wi th in  t h e  medium. 

r = a w e  r equ i r e  

0 

2 

A t  t h e  boundary of region I and 11, 

S' 

( 4 )  

and a t  the  boundary of region I1 ( i n t e r s t e l l a r  space) with i n t e r g a l a c t i c  

space, r = R, 
I 
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Note t h a t  h determines the  confinement conditions of p a r t i c l e s  i n  region I. 

As h -+ 0 w e  have the  case of f r e e  escape across the  boundary, and as h -f Q) 

w e  have complete confinement, i.e., there  is no f l u x  across the boundary. 

The i n i t i a l  condition a t  t i m e  t = to is 

where r 

where ro -t 0.) 

is t h e  radius  of t he  "point" source. (We w i l l  consider the  case 
0 

If w e  assume t h a t  

(7) 

and 

(8) 

a g ,  
Ti7 

= ( 4 PP> 
4 R  

we f ind  t h a t  t he  so lu t ion  i n  region 11 is given by (see appendix) 

) 
2 6  

a < & - 6 )  
where t. = - 

and 
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This is an asymptotic so lu t ion  t h a t  is v a l i d  when ln(P/P ) > 1. 

Note t h a t  w e  can w r i t e  Equation (9) i n  t h e  form 

0 

When one app l i e s  t h i s  t o  t h e  primary cosmic ray spectrum, i t  is 

found t h a t  only when the re  is a steady decrease i n  t h e  mean s ta t is t ical  

momentum change, <AP>, can one f i t  t he  observed spectrum. Then 

dece lera t ion  is dominating over acce lera t ion .  The p a r t i c l e s  t h a t  are 

observed a t  very high energies are t h e  r e s u l t  of a series of favorable 

acce lera t ion  s c a t t e r i n g s .  This is j u s t  t he  r e s u l t  of f luc tua t ions  i n  

the  acce lera t ion  process. But what are the  conditions under which w e  

can expect t h i s  type of model t o  apply? W e  w i l l  i nves t iga t e  t h i s  question 

i n  t h e  next sec t ions .  
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111. SOURCE REQUIREMENTS FROM a = kb 

If we assume that a = kb, we can obtain the observed primary cosmic 

ray spectrum. We can vary k and P in the fitting procedure for the 
0 

correct slope of the power law momentum spectrum. 

there is a coupling between k and P . This is illustrated by the fact that 
for Po = 0.1 GeV/c, k = -0.28 - 0.02; for Po = 1.0 GeV/c, k = -0.32 - 0.02; 

and for P = 10.0 GeV/c, k = -0.37 - .02, etc. We note that as P varies 

over a rather large range that k remains at about -0.3 or -0.4. 

for the present, disregard P and investigate what conditions we can 

place upon the source by the requirement of a = kb. 

A s  one would expect, 

0 + + 
+ 

0 0 

Let us, 

0 

We have shown in a previous paper(2) that one can write for the first 

and second moment 

In the above expressions Bc = V = velocity of the scattering centers, 

f(?) = velocity distribution of the scattering centers, Bec = Ve = velocity 

of expansion, R = radius of expansion, and X = mean free path between 

scatterings. We have assumed that the scattering centers are receding 
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from each o the r  as the  r e s u l t  of sphe r i ca l  expansions from a common 

center .  The amount of momentum change a t  each s c a t t e r i n g  i s  ca lcu la ted  

from Fermi theory. 

i so t rop ic .  

It is  a l s o  assumed t h a t  t h e  s c a t t e r i n g  i s  e s s e n t i a l l y  

Terms of order g rea t e r  than g3 have been ignored. 

I f  w e  include Equations (11) and (12) i n  a = kb and so lve  f o r  B' 

It i s  very troublesome t o  a t t empt to  estimate A. However, w e  can 

give a physical meaning t o  the  r a t i o  R/X under s u i t a b l e  conditions.  

I f  t he  mean s i z e  of t h e  s c a t t e r i n g  centers  is approximately equal t o  

t h e  d is tance  between cen te r s ,  w e  note t h a t  

= number of s c a t t e r i n g  cen te r s ,  Nsc 

Even i f  t h e  rad ius  of t h e  s c a t t e r i n g  centers ,  R 

lo3 

fixed k. 

Note t h a t  f o r  a f ixed  B e  as t h e  number of Sca t te r ing  centers  

increases  t h e  average ve loc i ty  of t he  s c a t t e r i n g  centers  decreases. This 

is  what one would expect, as the re  would then be more of a chance f o r  

s ca t t e r ing ,  and hence f o r  f luc tua t ions  t o  occur. Also note  t h a t  f o r  a 

f ixed  R/h  t h e  required E increases  f o r  increasing Be. 

understand t h i s  by remembering t h a t  i n  our case dece lera t ion  i s  dominant. 

is A/10, then Nsc = 
sc , 

W e  can p l o t  as a func t ion  of R/h f o r  various B e  a t  a 

The r e s u l t s  f o r  k = -0.30 and Rsc = A are shown i n  Fig. I. 

One can 
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The l a r g e r  t h e  expansion rate, i.e., B e ,  t he  more e f f i c i e n t  is  t h e  

dece lera t ion ,  and hence t h e  l a r g e r  must be t o  allow f o r  t h e  few favorable 

sequences of s c a t t e r i n g s  t h a t  g ive  rise t o  t h e  f luc tua t ions .  

t he  conditions f o r  f luc tua t ions  are increased because t h e  number of 

s c a t t e r i n g  centers  are increased. 

When Rsc < h 

To w h a t  as t rophys ica l  phenomena can w e  apply these  considerations? 

Almost any ionized gas t h a t  is i n  a turbulen t  state apppears t o  be a b l e  

t o  produce energe t ic  p a r t i c l e s .  

dominate over acce lera t ion ,  one can perhaps have t h e  f luc tua t ions  

required.  

expansion. 

consider novae and supernovae. 

respectively($).  Then f o r  Rsc X/10 and Nsc 10 t h i s  implies t h a t  

I f  t he re  is a reason f o r  dece lera t ion  t o  

One of t he  simpler cases is t h a t  of a region undergoing 

This i s  not t h e  only case, but  i t  is  common. A s  an example, 

and 2 x Here B e  i s  about 3 x 

9 

i s  t o  a reasonable requirement. 
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IV. THE RELATION BETWEEN THE AVERAGE KINETIC ENERGY O F  PARTICLES 

EJECTED FROM A TURBULENT REGION AND THE TOTAL ENERGY. 

One of t he  more su rp r i s ing  r e s u l t s  of t he  app l i ca t ion  of the 

equ ipa r t i t i on  of energy is t h e  p red ic t ion  of t h e  cosmic ray  spectrum i n  

the  form of a power l a w  by SyrovatskyC7). Later t h i s  work w a s  extended 

t o  include a dependence upon a changing volume by Sat6@r. I n  both of 

these  works, t h e  assumption is made t h a t  t he  average k i n e t i c  energy of the 

p a r t i c l e s  can be replaced by i t s  t o t a l  energy. This is a r a t h e r  

problematical s tep .  

as a func t ion  of i t s  average k i n e t i c  energy without assuming the  equi- 

p a r t i t i o n  of energy. W e  w i l l  not assume t h a t  w e  can rep lace  t h e  average 

k i n e t i c  energy by an energy, bu t  w i l l  compare t h e  average k i n e t i c  energy 

with r e s u l t s  from t h e  f l u c t u a t i o n  o r i g i n  of cosmic rays t o  t r y  t o  ob ta in  

information about conditions imposed upon thesource  and the turbulen t  

Be low,  w e  w i l l  ob ta in  t h e  number of particles e jec ted  

region. 

We w i l l  consider high-energy cosmic rays  which are produced wi th in  

The energy wi th in  a region of tu rbulen t  motion of a magnetized plasma. 

t he  region w i l l  have terms from thermal motion, tu rbulen t  motion, magnetic 

f i e l d ,  cosmic ray p a r t i c l e s ,  rad ioac t ive  nuc le i ,  etc. W e  s h a l l  assume t h a t  

t h e  only modes t o  o f f e r  s i g n i f i c a n t  cont r ibu t ion  t o  t h e  t o t a l  energy 

are t h e  turbulen t  motion, t h e  magnetic f i e l d  and t h e  cosmic ray p a r t i c l e s .  

Then w e  can w r i t e  

We a l s o  note  t h a t  t h e  cosmic ray  r a d i a t i o n  from t h e  region i s  given by 
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where P is  t h e  t o t a l  pressure.  

When t h e  p a r t i c l e s  are e j ec t ed  w e  w i l l  assume t h a t  

so t h a t  we  can w r i t e  

(18) E = (1 + al + a,) = (1 + a1 + a,) T N~ 

where T is the  average k i n e t i c  energy per p a r t i c l e  and N is t h e  
0 

t o t a l  number of p a r t i c l e s .  W e  no te  t h a t  

I n  t h e  above model of t h e  f l u c t u a t i o n  o r i g i n  of cosmic rays ,  i t  is  

assumed t h a t  p a r t i c l e s  are decelerated.  One way of doing t h i s  is  t o  allow 

f o r  a changing volume. L e t  us then take  

4 (20) E = constant V 

With the  a i d  of Equation (20), w e  can combine Equations (16), (18) 

and (19) t o  f i n d  



1 2  

where B i  = PiV/Ei and Pi = -(dEi/dV). = p a r t i a l  p ressure  of t h e  ith mode 
- 

( f? =$& 
t o  ob ta in  

). Recalling that Ecr = TN we can so lve  Equation (21) 
L =I 0) 

Sat6(6) shows t h a t  f3 = 4 / 9 .  

Within t h e  framework of our model, w e  need t o  know how T, E and V 

are changing w i t h  t i m e .  

function of N and q. A l i t t l e  algebra gives 

To do t h i s ,  w e  must f i n d  T, E and V as a 

0 

- 

I f  w e  i n d i c a t e  that a quant i ty  i s  increasing by I .  and decreasing 

by J. w e  can make the  following tab le :  
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4 

- 
T 

E 

V 

-419 0 -4 (l+a +a ) 

9(al+a2> 
1 2  

I. 4. I. 

+ .f I +  
I. 4. 

Table I: The T i m e  Variat ion of T, E and V. 

I n  the  f luc tua t ion  o r ig in  of cosmic rays we requi re  that V is  increasing 

( i . e . ,  q < - 4 / 9 ) ,  and t h a t  E and T are decreasing. This last  condition 

is the  r e s u l t  of decelerat ion dominating. Then we have t h a t  

If w e  have equ ipa r t i t i on  of energy, i .e.,  a, = a,, = 1, then -213 < q< - 4 / 9 .  

1 However, i f  a 

close t o  -419 .  

= o  If a~ o r  2 

>> 1 and a2 or 1, q is r e s t r i c t e d  t o  a va lue  

This places  severe r e s t r i c t i o n s  upon the f luc tua t ion  

or  2 

= 1, then 2 o r  1 and a 

P 9 c q < - +  4 

very 

model. 

= 0 and a2 or << 1 and w e  have a wider range on q. 

there  is an even wider range on q .  

turbulent  o r  t he  magnetic energy dominating, t h a t  t h e  probabi l i ty  of 

cosmic ray particles '  being produced forces  very restrictive requirements 

upon a source. 

absent,  the  range of q becomes much grea te r .  

ana lys i s ,  w r i t e  

I n  the case of a 1 o r  2 

W e  note  that i f  w e  have either the  

Whereas i f  e i t h e r  the  turbulent  o r  magnetic mode is  

W e  can,from the above 
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As an approximation, set E = 1/2 mt&, where m i s  t h e  m a s s  of t he  turb  

turbulen t  m e d i u m  and v is t h e  average ve loc i ty  of t h e  turbulen t  

cen ters .  Note t h a t  /e = B. Here dv/dt > 0 and dEturb/dt c 0, tu rb  

which implies t h a t  q < 0. Also, w e  must have turbulen t  motion as a 

Combining Equation 

tu rb  - 

# 0 .  1 
(26) with dV/dt = 4aR2cBe w e  f ind  

2 A s  an  example, i f  w e  consider a supernova remnant with dv / d t  .. -.l cm/sec , 

R lQ.y., m e . l M O  , Be - lom3, e and W - 1 0  ergs ,  w e  f i n d  t h a t  

-q e 0 (1).  

wi th in  reason. 

tu rb  
50 

This very crude estimate shows t h a t  our values of q are 
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V. SOURCE REQUIREMENTS FROM No = kl??' 

We w i l l  i nves t iga t e  what source requirements r e s u l t  from combining 

the r e s u l t s  of Sections I1 and IV. I f  w e  use Equation (10) we f ind  tha t  

where k is a constant,  P is t he  minimum momentum considered and <P>, 

<E>, <T> are t h e  average momentum, t o t a l  energy and k ine t ic  energy of a l l  

cosmic ray p a r t i c l e s ,  respectively, and m is t h e  mass of t h e  p a r t i c l e  

considered. 

2 m 

We know t h a t  T - <T>/N which, when combined with 
0 

= k Tmal, can be wri t ten as No 1 
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where a - 3 -1 012’ 

If we insert Equations (28) and (31) into Equation (32) and 

rearrange, we obtain an equation for y 

(33) 

Thus we have an equation for y as a function of the experimental 

parameters k 1, k2, Po, Pm, al, a2, m. We can simplify this by noting 

that 

The parameter k can be found from the observed spectrum of cosmic rays. 2 

We will use the results quoted by Webber. (7) Equation (33) is then 

solved numerically by a modified Newton-Ralphson method for various 

fixed values of Po, Pm, al and a 

shown in Figs. I1 to VII. 

Some representative results are 2’ 

(Here we have assumed m is the mass of the 

pro ton + ) 

The value of y varies between 2 and 3 ,  increasing with increasing 

momentum in the primary cosmic ray spectrum. (*) m e  average kinetic 

energy of cosmic ray particles is of the order of unity. (4) 

consider 5 cases: (1) where equipartition of energy exists (a = a = 1); 

(2) where the turbulent (magnetic) energy is twice the cosmic ray 

energy and the magnetic (turbulent) and cosmic ray energies are the 

same (a 

Let us 

1 2  

= 10 E and 2 or 1 ; (3) wbre Eturb (mag.) cr = 2, a 1 or 2 



1 7  

- = 1 ) ;  ( 4 )  where E - 
2 o r  1 turb . (mag. ) = 10, a E 

30 Ecr and E mag. ( turb .)=Ecr (al o r  2= 309 a 2 or  1 = 1); (5) where 

E turb . c r  turb. mag. 

- 
mag. (turb.) - Ecr (al or  2 

= 0.1 E and E = E  = a  = 0.1). This, ( a ~  or  2 2 or  1 
of course, does not exhaust a l l  of the  p o s s i b i l i t i e s .  However, i t  w i l l  

be s u f f i c i e n t  t o  ou t l ine  the  main cha rac t e r i s t i c s  of the  source requirements 

t h a t  w e  seek. 

The r e s u l t s  of solving Equation (33) f o r  each case are shown i n  

Figs. 11, 111, I V ,  V and V I .  We have not shown roots  t h a t  are less than 

2. 

these r e su l t s .  W e  f i r s t  note t h a t  general ly  when P = P = 0.1 G e V / c  t he  

values of y are too low t o  be of any r e a l  contr ibut ion.  

Po * 1 G e V / c  o r  grea te r  t h a t  acceptable roots  appear. 

much above 5 GeV/c the values of y are ra the r  large.  

A number of general  fea tures  can be seen from an inspect ion of 

0 m 

It is  only when 

However i f  w e  go 

Note t h a t  i t  i s  

possible  t o  f ind  the  s a m e  curve a t  d i f f e r e n t  values of q by a s u i t a b l e  

choice of P and P (see curve I V ,  Fig 11). The g rea t e r  the  value of 
0 m 

1q 1,  t h e  s t ronger  is the  volume expansion, and hence t h e  deceleration. 

This seems t o  imply t h a t  a "balance'v of Po, t he  in j ec t ion  momentum, aga ins t  

the  decelerat ion is necessary. A s  w e  increase the  energy i n  the  turbulent  

(or magnetic) mode over t he  other  two modes, w e  f ind  t h a t  there  i s  a 

grea te r  va r i a t ion  of y with a smaller P change. One would expect t h i s  
0 

i f  t he  turbulent  region w e r e  t ry ing  t o  e s t ab l i sh  an equ ipa r t i t i on  of 

energy. On the  other  extreme, when the  cosmic ray mode overpowers the  

other  two modes (Fig. VI), w e  f ind  t h a t  i t  is  very d i f f i c u l t  t o  ob ta in  

the necessary range of y. 

The average energy of cosmic ray p a r t i c l e s  measured a t  the  ea r th  i s  

about 7 GeV. ( 4 )  

o r  7 GeV, t h e  above remarks are more e a s i l y  grasped. 

I f  one inspec ts  Figs. 11, 111, I V Y  V and V I  a t  !f of 8 
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2 L e t  us consider a p a r t i c l e  of m = 50 G e V / c  and Z = 25. When 

w e  so lve  Equation (33),  w e  obta in  t h e  r e s u l t s  shown i n  Fig. V I I .  

main d i f fe rences  from t h e  previous r e s u l t s  are t h a t  P 

i n t o  the  hundreds of G e V / c  range (with Pm - 1 GeV/c) , and t h a t  Iq 1 
must be l a r g e r  than before. 

Z dependence of dE/dx. The l a r g e r  value of Iql implies t h a t  only t h e  

more rapid expansion i s  e f f e c t i v e  i n  producing t h e  required f luc tua t ions .  

Application of t he  above methods t o  d i f f e r e n t  values of m give t h e  same 

conclusions. 

The 

must increase  
0 

The increase  i n  Po is probably due t o  t h e  

2 
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V I .  Discussion and Conclusion 

W e  have given a condensed account of t h e  f l u c t u a t i o n  o r i g i n  of cosmic 

rad ia t ion .  

ments are placed upon t h e  model. The assumption t h a t  t h e  acce le ra t ion  

moment, a, i s  r e a l l y  dominated by dece lera t ion ,  and hence i s  negative,  

implies t h a t  f l uc tua t ions  may play a very important p a r t  i n  t h e  o r i g i n  

of cosmic r ad ia t ion .  The requirement t h a t  a = constant b,  where b is  the  

f l u c t u a t i o n  moment i n  t h e  momentum changing processes, allows us t o  place 

c e r t a i n  r e s t r i c t i o n s  upon the  turbulen t  region i n  which cosmic ray 

p a r t i c l e s  experience acce le ra t ion  and deceleration. W e  found t h a t ,  

The pe r t inen t  r e s u l t s  have been considered t o  f i n d  what require- 

a )  f o r  a fixed expansion ve loc i ty  of t h e  turbulen t  region, t h a t  

t he  number of s c a t t e r i n g  cen te r s  required decreases as the  average 

ve loc i ty  of t h e  s c a t t e r i n g  cen te r s  increases ;  

b) f o r  a f ixed  number of s c a t t e r i n g  centers ,  t h e  required average 

ve loc i ty  of t h e  s c a t t e r i n g  cen te r s  increases  €or increas ing  

expansion ve loc i ty  wi th in  t h e  turbulen t  region. 

The condition s t a t e d  i n  a) is  r a t h e r  self-evident.  The statement b) is 

a manifestation of t h e  dominance of dece le ra t ion  over an acce le ra t ion  

process. This gives rise t o  t h e  importance of f l uc tua t ions .  

out t h a t  one can apply t h i s  requirement t o  any turbulen t  region i n  which 

dece lera t ion  is s t ronger  than acce lera t ion .  

could be t r u e  i n  novae and supernovae s h e l l s .  

W e  po in t  

It is then shown t h a t  t h i s  

W e  have shown t h a t  i t  is poss ib l e  t o  obta in  a power-law dependence 

upon the  average k i n e t i c  energy f o r  t h e  number of p a r t i c l e s  e j ec t ed  from 

a turbulen t  region. 

of f luc tua t ions  places r e s t r i c t i o n s  upon t h e  rate at which t h e  volume 

'She r e s t r i c t i o n s  imposed by t h e  need f o r  dominance 
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is  changing. I n  p a r t i c u l a r ,  when t h e  t o t a l  energy, E,  i s  r e l a t e d  t o  

volume, V,  by 

= a E and E = a  E I f  one compares the  expression 2 cr' where E 

f o r  t h e  t o t a l  number of p a r t i c l e s  as a func t ion  of t he  average k i n e t i c  

energy with t h e  r e s u l t s  from t h e  f l u c t u a t i o n  o r ig in ,  it i s  poss ib le  t o  

turb  . 1 c r  mag. 

ob ta in  f u r t h e r  information about source requirements. W e  found t h a t ;  

, a) when one considers protons, t h a t  t h e  i n j e c t i o n  momentum, 

i s  normally bounded by .1 G e V / c  < Po < approximately 5GeV/c; 

as g rea t e r  energy is  put  i n t o  t h e  turbulen t  o r  magnetic mode a t  b) 

the  expense of t h e  o ther  two modes, t h a t  t h e  chance f o r  

f l u c t u a t i o n  o r i g i n  t o  occur increases*; 

i f  t he  cosmic ray mode has much more energy than the  o ther  c) 

two modes, t h a t  a f l u c t u a t i o n  o r i g i n  becomes unl ike ly .  

t h e  value of Po f o r  heavier p a r t i c l e s  goes approximately as Z . 2 
d) 

Much of t h e  above ana lys i s  assumes t h a t  t h e  turbulen t  region i s  

expanding. 

is t rue .  

f l u c t u a t i o n  o r i g i n  of cosmic rays may apply. 

dece lera t ion  is s t ronger  than acce le ra t ion  i n  t h e  turbulen t  region. 

There are many occurences i n  astronomical phenomena where t h i s  

W e  would l ike t o  poin t  ou t  t h a t  t h i s  i s  no t  t h e  only case where the  

The main assumption is t h a t  

*This is  t r u e  i n  t h e  sense of a wider v a r i a t i o n  of y (a t  a f ixed  T) f o r  

a smaller change i n  Po. 
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APPENDIX 

W e  expect a power l a w  so lu t ion  i n  p.  This suggests t h a t  w e  take t h e  

Mellin transform with respec t  t o  p of Eqn. (1) a f t e r  f i r s t  i n s e r t i n g  Eqns. 

(7)  and ( 8 ) .  W e  f i nd  t h a t  

I f  w e  w r i t e  g l ( s , h , t )  N =f( + , s , t )  h ( s , t )  w e  can obtain 

where 

The so lu t ion  t o  Eqn. CA3) is 

2 Let f- v ( 0  , t )  e -a t ; then w e  f ind 
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As w e  noted above, f o r  p a r t i c l e s  i n  region I, t h e  boundary condition is 

given by 

The so lu t ion  f o r  v is  (10 1 

where a are the  pos i t i ve  roots  of n 

We w i l l  want (Ash - 1) t o  be l a rge  enough for  a reasonable confinement 

t i m e  to allow f o r  acce le ra t ion  and f luc tua t ion  processes. 

allow ro + 0 (i .e, ,  become a poin t  source) and only consider t he  fundamental 

mode (n = 1; t h e  exponental term allows t h i s  without introducing a ser ious  

e r ro r ) ,  

I f  we then 

Thus w e  f i nd  t h a t  

The so lu t ion  f o r  g2 is given by 
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where 

When w e  apply the  boundary conditions w e  have 

1 

The inverse  Mellin transformation can be approximated by the  method of 

steepest descent. This gives t h e  asymptotic so lu t ion  

and 

The t i m e  average so lu t ion  can be  found by Laplace in tegra t ion .  

asympotic s o l u t i o n  is Eqn. (9). 

The 
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FIGURE CAPTIONS 

Fig. I. The variation of with the number of scattering centers at 
various values of Be. Similar results hold for different 
values of k. 

Fig. 11. The variation of y with T for different P and P for a =a =1. 
0 m 1 2  

Fig. 111. The variation of y with T for different P and P for a =2, a -1. 
0 m 1 2- 

Fig. IV. The variation of y with for different P and P for a -10, a -1. 
0 m 1- 2- 

Fig. V. The variation of y with T for different P and P for a =30, a -1. 
0 m 1 2- 

Fig. VI. The variation of y with T for different P and P for al=a2=0.1. 
0 m 

Fig. V€I. The variation of y with T for different Po and P for a =a =1 and m 1 2  m = 50 GeV/c2. 
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